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Abstract 

Ultcaflne particles (UFP) jetting with the velocities of several hundreds m/s is accumulated on 
the metal and ceramic substrate via impact adhesion. Recently, the application of this phenom- 
enon for micro electro mechanical systems (MEMS) and micro devices has been investgated. 
In this paper, the deposition method based on ultra-fine particle beam and possibilities of its 
application are reported. 

1* INTRODUCTION 

Several deposition methods based on the principle of particle impaction have already 
been investgated. They include depositing ultrafine particles (UFP) via electrical field 
acceleration (Electrostatic Particle-Impact Deposition (EPID)[1]), and via acceleration by 
mixing with high speed gas flow (Gas Deposition Method (GDM)[2] or Hypersonic Plasma 
Particle Deposition (HPPD)[3]). The expected features of these methods are high speed 
depotion ratio and film formation at low temperature. 

In the microactuators and ultrasonic devices needed for MEMS, etc. and* in the mini a- 
turized magnetic devices needed for mobile communication equipment, it is important to 
make piezoelectric ceramics and high-magnetic-permeability ceramics In the form of a thin 
film and to process it finely. By far, in order to match requirements, fabrication of these 
ceramics generally requires high-temperature heat treatment. On the other hand, for some 
applications, it is necessary to obtain a film with thickness in 1 to 100/* m range[4]. How- 
ever, in conventional techniques such as sputtering and sol-gel method, the processing time 
becomes too long and fine etching processing for these thick films is difficult sometimes. 
There are also problems in cutting ceramic pieces from the bulk material, and in handling 
and joinfng of membranes in the grinding-and-polishing process. 

For these reasons, we study a new deposition technique based on impact adhesion of 
ultrafine particle beam for forming and micro-patterning thick functional ceramic layers. If 
the crystal structure of the ceramic particles is preserved during the deposition^ the pro- 
cesses temprature might be decreased and the wide application of these methods is ex- 
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pected. GDM is the simplest method of energy supplement for the deposition among the 
methods discribed above. In GDM, individual particles of ceramic material having a diam- 
eter less than 0.5 f* m are mixed with a carrier gas and form colloiding gas flow, which is 
ejected from a micro orifice nozzle and deposited onto a substrate. It is said that collision of 
the UFP with the substrate converts part of kinetic energy of the flow to local thermal 
energy, and this promotes bonding between the substrate and the UFP and between the UFP 
themselves. Although, the actually mechanism has not been clarified yet. Recently, some 
reports about GDM for fanning and patterning of thick films have been published[2],[5],[6] 
. We have already introduced GDM and improved its system to a jet molding system (JMS) 
[7] for the micro-fabrication of three dimensional structures of some metal materials and 
PZT. And we have also reported some properties of the deposited film in other reports[8],[9]. 

The purpose of this paper is to clarify the deposition properties of GDM in order to 
understand the deposition mechanism of this technique and improve the physical property. 
Some results of deposition of several functional ceramics, namely ultra-fine particles of 
PZT for sensing and actuation, ultra-fine particles of NiZn fenite for soft magnetic mate- 
rial, and Ti02 for photocatalyst are described- Ail the ceramics films were deposited on Si, 
SUS,and Pt/Ti/Si02/Si substrate by GDM and observed by XRD. Relationship of the 
ferroelectric property of PZT film with its microstructure is also referred. 

2. EXPERIMENTAL, RESULRTS AND DISCUSSION 

2.1 Experimental setup and conditions 

Figure 1 shows the constitution of our GDM apparatus. Our GDM apparatus has two 
vacuuming chambers connecting each other through a gas pipe. The first is the deposition 
chamber for the formation and patterning of films. It contains of the nozzle, substrate, and 
mask alignment system. This chamber is vacuumed during the deposition by a rotary vacuum 
pump and a mechanical booster pump. The second is aerosol chamber for generation of 
UFP aerosol. It has the carrier gas introducing system and vibration system. Fine ceramic 
powder contained in the aerosol chamber is delivered to the deposition chamber by pres- 
sure difference between the chambers and by vibration. The UFP ceramics powder is ejected 
through the micro orifice nozzle and deposited onto the substrate through laser-patterned 
masks. The apparatus in details has been described in the previous reports[7]. Table 1 
shows the typical parameters of deposition condition for aerosol GDM. He (as a non- 
activated gas) or Air (as an oxidized gas) is used as the carrier gas. The pressure of the 
aerosol chamber is about 480 Torr, and that of the deposition chamber is 0.5 - 5 Tbrr in all 
deposition experiments. The orifice size of nozzle is 5mmX60O/i m, the relative veloc- 
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Ffguer 1. Experimental setup of aerosol gas deposition method (schematically) 



ity of the nozzle motion along the substrate 
is from 0.125 to 1.25mm / sec, and the 
distance between the nozzle and the sub- 
strate is from 2mm to 10mm. Under these 
conditions, the ejected gas flow speed 
reachs sonic speed. We used commercially 
available raw-powder of PZT havipg a 
perovskite structure with average particle 
diameter of 03 /jl m and H02 having an 
anastnse structure with average particle di- 
ameter of 0.1 5 ju m. The raw-powder of 
NiZtt ferrite having a spinel structure with 
average particle diameter of 0.3 // m was 
prepared by solid-state reaction method at 
800 1, 2h and ball-milling process. 





TVpcal condition 


pressure of the film- 
deposition chamber 


0.5— 5Torr 


pressure difference 
between two chambers 


0.5 aim 


distance between the 
nozzle and the mask 


2— 10mm 


orifice size of nozzJe 


5mm X 600 urn 


relative velocity of the 
nozzle to the substrate 


0.125—1.25 mm/s 


substrate temperature 


room temp. 


average particle size 


<0.3 pro 



Table 1. TVpcal parameter of the deposition 
condition for aerosol GDM» 



2J2 Film formation 

Under these conditions, we have obtained PZT, NiZn ferrite, and H02 films deposited 
up to 100 fx m on Si and Stainless Steel (SUS304) In area 5mm X 5mm without peeling. 
The highest deposition ratio 16,7 fx m / min was reached for PZT. Figure 2 shows a 
micro-patterned PZT thick film which was produced by the mask deposition method with- 
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out etching. The adhsion forces of the deposited 
films at room temperature were measured by a 
tensile testing machine. As the result, all the 
experiments were finished by breakage of ep- 
oxy resin used for joining the samples to the 
machine holder at20MPa. That means the de- 
posited films have strong adhesion force higher 
than 20MPa on the Si and SUS substrates. In 
order to determine the density, the filrns were 
prepared with thickness more than 100 /i xn. 
Volume and weight was obtained using a three- 
dimensional stylus profiler and a precise weight 
balance with the resolution of 10 pc g T respectively The density of the PZT film was esti^ 
mated to be 7J6g / cm 3 , which is more than 95% of the bulk density (7.88 g / cm 3 ). It 
is difficult to explain such a strong adhesion force and high density of the deposited films 
by the kinetic energy transformation only, taking into account the size effect of particle 
diameter in the normal sintering process* . 



Figure 2. Thick PZT layer on the SUS 
substrate patterning by GDM. 



2.3 Microstracture of the deposited film observed by SEM sand XRD 

Figures 3 (a),(b) show the SEM image of (a) raw-powder, (b) as~deposited film at room 
temperature. In Fig.3(a) each par- 
ticle was separated and has a dis- 
tinct particle boundary. In Hg.3(b) 
the single particles have no longer 
edge lines and are combined with 
each other. It looks, as if the con- . 
densation of the powders was in- 
duced in the deposition process. 

Crystal structures of the depos- 
ited films have been observed by 
X-ray diffraction ( XRD ; Cu K- 
alpha, 40kV/120mA) through the 
comparison of samples before and 
after deposition. XRD profile of 
each sample is shown in Figures 
4, Figures 5, Figures 6. Fig. 4 (a), 




(a) raw-powder. 



(b) as-deposited film 
at room temperature. 



Figure 3. SEM image of deposited PZT film. 
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Figure 4, Comparison of XRD pattern of P7T. 

(b) , (c) are for raw-powder, as-deposited at 
room temperature, annealed at 500*0 PZT, and 
bulk PZT. Fig. 5 (a), (b), (c) are for raw-pow- 
der* as-deposited at room temperature, an- 
nealed at 700*0 NiZn fenite. Fig, 6 (a), (b), 

(c) are for raw-powder, as-deposited at room 
temperature, annealed at 650 *C Ti02> The 
crystal structures of each material deposited 
film are spectra phases similar to raw-pow- 
der; Aperovskite structure remained in the as- 
deposited PZT film, a spine] structure re- 
mained in the as-deposited NiZn ferrite film, 
and an anastuse structure remained in the as- 
deposited Ti02film. However, broadering 
of the spectra and slight shifting of the spec- 
tra angle were observed. Moreover, the PZT 
and H02 films have randomly oriented poly- 
crystal structures, but in case of the NiZn fer- 
rite shown in Hg.5 (b), the orientation was 




28<d*=*) 

Figure 5. Comparison of XRD pattern of 
NiZn fenite. 




2e(dcg.) 

Figure 6. Comparison of XRD pattern of Ti02. 
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slightly changed. Because the grain size of all raw materials is under 0.3 pL m, small 
crystallite size of the film or their ununiform distortion during the deposition might be the 
reason of the slight changes between the raw-powder and the deposited film spectra. After 
annealing, each spectra of the deposited film in Fig.4 (c), Fig.5 (c), Fig.6 (c) has better 
sharpness than those of as-deposited films in Fig.4 (b), Fin-5 (b), Fig.6 (b), and was the 
same or very close to each spectra of raw-powder. 



2,4 Ferroelectric property of PZT thick film 
(a) As-deposited at room temprature 
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Figure 7. Comparison of the P-E hyateresis loop of tha deposited PZT film before and after anealing. 
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Figures 7(a), (b) show the P-E hysteresis loop for the PZT thick film with thickness of 20 
ix m without poling, (a) is for as-deposited film, and (b) is annealed at eSOt^for lh 
(heating and cooling speed was ± 300*0 /h). The as-deposited sample on the SUS sub- 
strate at the room temperature has a ferroelectricity. But the measured remnant polarization 
of about 2.3 ju C / cm 2 , and the saturation polarization of 5.5 p C / cm 2 were very 
lower than for bulk PZT, and the coercive field of 100 kV/cm was higher than that for the 
bulk. On the other hand, the breakdown voltage was over 250kV / cm and enough for 
MEMS applications. 

To confirm the piezoelectric character of the as-deposited film, basic actuator elements 
(beams and membranes) have been structured and covered by PZT. The static deflection of 
the beam is measured directly by laser-interferometer, and indirectly by the deflection of a 
reflected laser beam. The calculation uses the analogy between piezoejectrically and ther- * 
mally induced strain in bimorph structures. The applied assumptions and equations are 
explained in other reference[10]. As the results, the piezoelectric constant (d^) of as-depo- 
sition sample after poling at about 350*C and applying electrical field continuously until 
complete cooling down was estimated to -20 to -30 X 10" 12 C/N. Such a poor property 
may be explained by low level of the crystallinity. This is confirmed by the XRD observa- 
tions. 

For the sample after anealing, the remnant polarization reached 13 jj. C / cm 2 and the 
saturation polarization of 35.5 p. C / cm 3 were improved, and the coercive field of 38.7 
kV/ cm was drastically decreased. That means the annealing of the film after deposition 
was effective for improvement of electrical properties. The electrical properties and pro- 
cess temperature were close to the sol-gel driven PZT thin films for MEMS applications! 11 J. 

3. CONCLUSION 

It was confirmed, not only for PZT but also for other ceramics material such as NiZh 
ferrite and H02, that the as-deposited films by GDM at room temperature have randomly 
oriented polycrystal structure, preserving the crystal structure of the raw-materials. The 
deposited films have good adhesion force on the Si and SUS substrates and density close to 
the bulk ceramics. We think that these results might In the possibility of cramic film forma- 
tion at low temperature, what is very important for some applications. For example, in case 
of Ti02 ceramics, recendy the problem of fixation on a substrate becomes very important 
for the application of photocatalyst[12J. 

Electrical properties of the as-deposited PZT film at room temperature were very poor. 
Probably it is because of small crystal size of the as-deposited films, or existence of the 
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internal stress inside of the deposited film structures after the deposition. After anealing at 
650*0, crystallinity and electrical property of the film were drastically improved and be- 
came almost the same as in the sol-gel driven PZT thin films for MEMS applications. 
Process of thick PZT film fabrication by this method is much easier and faster than by any 
of conventional methods. 

In tile future, we have to make clear the deposition mechanism of ceramic materials and 
to develop a new method of generation of high quality particle beam for improvement of 
the film quality and decreasing the process temperature. 
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